Now that ventricular septal defect is amenable to surgical repair it is most important to define the indications for surgical intervention. In this paper the natural history of the disease and its clinical and physiologic characteristics are carefully detailed. These observations permit better recognition and understanding of the condition and offer a basis for comparison with results after surgery.
IT HAS BEEN demonstrated recently that ventricular septal defects in children can be repaired surgically with an acceptable mortality rate under appropriate circumstances. [1] [2] [3] For infants who at present are not considered suitable candidates for direct surgical repair, an ingenious palliative operation offers considerable theoretical promise. To achieve a better understanding of the nature of the anomaly and to arrive at some working hypothesis ill regard to operative indications, we reviewed the clinical picture, the physiologic data, and the natural history of our patients with proven ventricular septal defect.
MATERIALS AND METHODS
The physiological data were surveyed on all patients admitted to the Children's Medical Center, Boston, between 1950 and 1956 and diagnosed at cardiac catheterization as having a ventricular septal defect. All these subjects had an increase in oxygen content of at least a 1.0 volume per cent at the right ventricular level as compared to the right atrial sample. The catheterized patients were considered to have severe disease on clinical grounds; thus they represent a select group from the total number of children with ventricular septal defect attending our clinic.
The catheterization data were reviewed for completeness and all patients with associated cardiac anomalies other than pulmonary stenosis or aortic regurgitation were arbitrarily excluded. Cases of ventricular septal defect and pulmonary stenosis with a resting arterial saturation of less than 94 per cent were also eliminated as examples Supported by a grant-in-aid from the American Heart Association.
of the tetralogy of FallotC The remaining 98 patients form the basis of the present report.
All patients were studied with 7-foot radiograms and fluoroscopy. All had at least one 12-lead electrocardiogram that was classified in regard to ventricular hypertrophy. Phonocardiographic observations were made on about one quarter of the patients by means of a Sanborn Stetho-Cardiette or Twin-Beam apparatus.
Cardiac catheterization was carried out under sedation either with opiates or a combination of Demerol, Phenergan, and Thorazine. The catheters used were Cournand or Lehman no. 5 or no. 6 . Pressure measurements were obtained with Sanborn electromianomieters or Statham P-23-D strain-gage manometers. A Sanborn Polyviso recording apparatus was used. Blood oxygen deterininations were made by the Van Slyke or spectrophotemetric technics.5 Oxygen consumption was determined, when possible, by collection of expired air samples in a Douglas bag and analysis by means of a Tissot spiromneter and a Pauling oxygen analyzer; in the others it was estimated oln the basis of 180 mil./min./M2. Zero level for pressure was assumed to be at one half the anteroposterior diameter of the chest. Pulmonary venous oxygen saturation was assumed in all instances to be 98 per cent of capacity. ( We are fully aware that the calculation of shunts derived on the basis of this figure may be of questionable accuracy in some instances, particularly in infants.)
In order to simplify the evaluation of the case material, certain arbitrary definitions were made.
Pulmonary stenosis was considered to be present when a systolic gradient of at least 25 mm. Hg existed between right ventricle and pulmonary artery. Pulmonary vascular resistance was cal-culated in terms of mm. Hg pressure gradient across the pulmonary vascular bed per liter of pulmonary blood flow per square meter of body surface area per minute and expressed as units of pulmonary resistance. 6 The upper limit of normal was defined as 3.0 units (240 dyne-sec.-cm.-'). Since our physiologic data were accumulated under varying circumstances and since shunt calculations by the Fick principle are subject to a not inconsiderable error, our left-to-right shunts were divided into those with pulmonary flow more than twice systemic flow and those with a lower ratio. The pitfalls of pulmonary flow calculations are such that the larger flows are subject to increasing errors that reach dramatic proportions with the largest of left-to-right shunts. The smaller flows (pulmonary flow less than twice systemic flow) probably represent accurate estimations.
We have classified the entire group physiolgically into 4 subdivisions on the basis of (a) size of uncomplicated left-to-right shunt (small or large), or (b) presence of complications (pulmonary vascular obstruction or pulmonary stenosis) ( In addition to the 98 patients with complete clinical and physiologic studies, we also included in this report 5 patients with uncomplicated ventricular septal defect in whom complete autopsy data are available. These children will only be discussed in terms of course and prognosis since the clinical data available on them are incomplete.
OBSERVATIONS

History
Discovery of Heart Disease. In the majority, heart disease was diagnosed on the basis of the discovery of a murmur in infancy. Fifty-seven children had a murmur noted at the age of 3 months or earlier, but only 13 of these were reported to have been present "at birth." Twelve patients were first noted to have a murmur after the age of 1 year. The time of discovery of heart disease was independent of the size of left-to-right shunt, the presence or absence of pulmonary stenosis or pulmonary vascular obstruction.
Of 85 cases with sufficient information, 45 were found to have heart disease on routine or chance examination, whereas 40 were seen by a physician because of symptoms referable to heart disease.
Symptoms. By and large, symptomatology was most marked in early infancy; of the 52 patients with severe symptoms, 43 were less than 1 year of age. The correlation of symptomatology with the basic physiologic information is presented in figure 1 . Poor growth was reported by the parents in about two thirds of this series. Contrariwise, specifically recorded "good" growth was unusual and of the 19 instances in which it occurred, 7 were patients with pulmonary stenosis.
One or more episodes of congestive failure appeared in the history of 34 patients; in many small infants this diagnosis was confused by the presence of pneumonia.
A vague history of intermittent, mild cyanosis with respiratory difficulty or with cry- Ten patients gave a history of late appearance of mild eyanosis on exercise; 9 of these had either associated pulmonary stenosis or elevated pulmonary vascular resistance.
The following other problems appeared in the histories of some patients: squatting 7 (uncomplicated left-to-right shunt 3, pulmonary vascular obstruction 3, pulmonary stenosis 1); paroxysmal tachycardia 5; subacute bacterial endocarditis 3 (aortic regurgitation 2); hemoptysis 2; acute rheumatic fever 1; chest pain 1; and mongolism 1.
Physical Examination
The salient features of the physical examiniation as recorded during the admission for cardiac catheterization are presented in figure  2 , and the associated anomalies are listed in A third heart sound was heard in 51 patients and was associated with a low-frequency diastolic murmur at the apex or lower left sternal border in all but 2 instances.
The second heart sound at the second left intercostal space was analyzed most carefully, both in regard to splitting and intensity. A split second sound was found in all but 12 individuals; one half of these had pulmonary vascular obstruction. The second heart sound was obscured ill 4 Normal axis deviation (0 to +900) was present in well over one half the total series and bore no specific relationship to the various ventricular hypertrophy patterns. Indeterminate axis was uncommon and likewise bore no relationship to the patterns of ventricular hypertrophy.
Incomplete Right Bundle-Branch Block. An rSr' or rsR' pattern in the right chest leads with a ventricular activation time of at least 0.04 second was found in 54 cases. No definite relationship could be established between this finding and evidence of right, left, and combined ventricular hypertrophy.
P Pulmonale. A P wave of at least 2.5 mm. in height with a "peaked" contour in the right precordial leads or in lead II was found in 17 patients. Fourteen of these had either associated pulmonary vascular obstruction or pulmonary stenosis. Six had arterial oxygen saturations of less than 94 per cent, all with pulmonary vascular obstruction. There was no correlation between the right atrial mean pressure and the presence of P pulmonale. P Mitrale. Notched or flat-topped P waves in the standard leads I and II or in the left precordial leads were found in 11 patients. In all but 1 there was left ventricular dominance or hypertrophy alone or in combination with right ventricular hypertrophy. Satisfactory mean pulmonary wedge pressures, obtained in 5 of these 11 patients, ranged from 11 to 17 mm. Hg. There was no correlation between the presence of P mitrale and the right atrial mean pressure.
Combined Atrial Hypertrophy. An abnormally broad and tall P wave in any of the standard or precordial leads was found in 6 patients. Five of these had pulmonary vascular obstruction.
Prolonged P-R Interval. An abnormally long P-R interval for heart rate and age, according to our tables of normal subjects,8 was seen only 11 times in the entire series and was not associated with any particular physiologic subgroup. pression of the S-T segment and inversion of the T wave in the left precordial leads (g"strain-pattern") was observed in 7 cases.
S-T and T-
Five of these had aortic regurgitation and 2 had uncomplicated large left-to-right shunts.
Because of the difficulties in interpreting degrees of right precordial T-wave inversion in infants and small children, no attempt was made to determine the incidence of "right strain pattern. No close correlation between electrocardiographic ventricular hypertrophy and ventricular enlargement as determined by x-ray could be found; nor was it possible to establish a relationship between the right ventricular systolic pressure and the ventricular contour at x-ray.
Main Pulmonary Artery Segment. A significantly enlarged main pulmonary artery segment seemed to indicate that the patient had either pulmonary vascular obstruction or a large left-to-right shunt, but only 3 of the patients with pulmonary stenosis showed enlargement of the main pulmonary artery segment. The pulmonary artery segment was large in one half of the patients with pulmonary artery mean pressure above 40 mm. Hg and was of normal size in the majority of patients with mean pressures below this figure.
Left Atrial Enlargemtent. Left atrial enlargement was present in three fourths of the children with large uncomplicated left-toright shunts or pulmonary vascular obstruction, but it was not unusual in the other groups either. There was no clear-cut correlation between the size of the left atrium and the size of the left-to-right shunt.
Pulmonary Vasc laturt e. The average diameter of the pulmonary vessels in the middle third of the lung fields was considered to be greater than normal in 77 individuals. Every patient with a large, uncomplicated left-toright shunt had this finding but it was present also in about one half of the cases with small, uncomplicated shunts. Three quarters of our group with associated pulmonary stenosis and 90 per cent of the children with pulmonary vascular obstruction also had engorged pulmonary vessels.
In 4 patients, all with pulmonary vascular obstruction, there was pulmonary vascular engorgement in the middle third of the lung fields with relative ischemia in the periphery.
Two children with pulmonary vascular obstruction showed asymmetrical pulmonary vasculature and in both instances the vessels were decreased in prominence on the left and increased (with unilateral "hilar dance") on the right.
Expansile Putlsationis. Expansile pulsations were noted in over 50 per cent of the patients in this series and, though it was not seen in every child with pulmonary vascular engorgement, the incidence of "hilar dance" was proportional to the evidence of engorged pulmonary vessels.
Right Aortic Arch. A right aortic arch was present in 5 patients. Four of these had associated pulmonary stenosis, but 1 patient with a small uncomplicated left-to-right shunt also had a right aortie arch. catheter from the pulmonary artery, 6 paCourse of the Catheter. The right atrium, tients were thought to have pure infundibular right ventricle, and pulmonary artery were stenosis, 5 pure valvular stenosis, and 6 comentered in every case. The catheter was bined stenosis. There was definite correlation passed directly into the aorta in 6 children, between the appearance of the pulmonary arinto the left atrium via the atrial septum 4 tery segment at x-ray, the site of maximal times, and directly into the left ventricle via intensity of the murmur, and the site of stea ventricular septal defect 5 times. nosis as judged by cardiac catheterization.
Catheterizationt Data
Oxygen Consumption. Oxygen consumpOf the 36 patients with pulmonary vascular tion was measured directly in 50 patients with obstruction one third had a resistance over an average oxygen consumption of 189 ml./ 9.0 units (720 dyne-see.-cm.-5) and one third min./M.2 had a resistance between 3.0 to 6.0 units. The Blood Oxygen and Pressure Measurements.
error in these calculations is, of course, pro- Table 9 presents the detailed physiologic obportional to the error in calculating shunt servations. As expected, the individuals with size and estimating pulmonary wedge presuncomplicated large left-to-right shunts and sure.
those with pulmonary stenosis, most of whom Hg) in 37 patients, the majority having pulmonary vascular obstruction. Table 9 also presents a survey of the systemic arterial oxygen saturation. It may be seen that there were 24 children with arterial saturation less than 94 per cent, but only 5 below 90 per cent. As mentioned before (table 3) 11 of these children with arterial unsaturation were recognized clinically to be cyanotic; 6 of the unrecognized ones were infants.
Course and Prognosis
Fifty-two patients were followed for 1 year or longer with an average follow-up of 5 years; 49 of these are alive at present. One of the 3 died after cardiac catheterization, the second one with equivocal catheterization findings during exploratory thoracotomy to exelude a patent ductus arteriosus, and a third at another hospital in congestive failure. Of the 48 patients first seen in infancy, 38 have Table 12 presents the changes in weight in 32 children, first seen under age 1 year and followed for at least 2 years. It may be seen that only 1 in this group, a boy with a large left-to-right shunt and marked aortic regurgitation, deteriorated significantly. Nine improved appreciably and the majority stayed in the same developmental channel.
There were 2 patients who lost their marked precordial thrill when congestive failure appeared; on adequate therapy the thrill reappeared. With the exception of these 2 individuals there were no significant changes in the intensity of the systolic murmur. Determination of the presence or absence of a lowfrequency diastolic murmur is difficult in infancy; thus the time of discovery may not coincide with its appearance. Contrariwise, it seemed significant to us that in at least 3 children, well-documented apical diastolic murmurs disappeared as they grew older and their general condition improved.
Progression of Electrocardiographic Findings. Fifty-two patients had multiple electrocardiograms taken over a period of 1 or more years. Of these, 24 were under 1 year of age when the first electrocardiogram was taken. Eighteen of these 24 have shown no significant changes despite observations as long as 6 to 7 years in some cases. Of the 28 patients whose first electrocardiogram was taken after the age of 1 year, there were 7 who developed a subsequent change in pattern (table 13) . Table 14 presents a detailed analysis of the changes in the electrocardiograms in 13 children.
Only 27 of the entire group of 13 patients with a changing electrocardiographic pattern developed signs of right ventricular hypertrophy. One, at age 2 years, developed abnormal right ventricular hypertrophy having previously had a normal electrocardiogram, and the second switched from left ventricular hypertrophy at age of 8 years to right ventricular hypertrophy at age 11 years while developing the clinical picture of the tetralogy of Fallot ( fig. 10 ). Six-all with uncomplicated large left-to-right shunts-of the 13 developed pure left ventricular hypertrophy, and 5, all proved to have pulmonary vascular obstruction, developed combined ventricular hypertrophy.
The patients with large uncomplicated leftto-right shunts were the most likely to have shown a changing electrocardiographic pattern; 8 of 13 showed this change. Four patients had pulmonary vascular obstruction and 1 had associated pulmonary stenosis.
Progression of X-ray Findings. There were 42 patients with x-ray examinations extend- ing over a period of more than 1 year. Two of these showed increasing heart size through the years, while in 11 the eardiothoracic ratio decreased. The pulmonary vasculature became progressively increased in 4 patients, while decreasing pulmonary vasculature was found 11 times. Twenty-two patients showed no change at all. Most of the changes occurred when the follow-up examination extended over 5 years and included infancy.
One of the remarkable changes was the decrease in heart size and pulmonary vasculature noted in 2 patients with small uncomplicated left-to-right shunt ( fig. 11) . A similar change in size and an even more marked diminution of the size of the pulmonary vasculature was noted in some patients with pulmonary stenosis; 1 of these developed the tetralogy of Fallot syndrome ( fig. 12) . The changes noted in the pulmonary vascular obstruction group and the large uncomplicated left-to-right shunts were not striking.
Catheterization. Eight patients in this series were recatheterized 2 to 7 years after the original study and showed no significant change in any respect. The 1 we have failed to find significant progression in the clinical picture of any of our patients with pulmonary vascular obstruction. Although we do not doubt that deterioration does occur later ini life, we have no evidence that it has happened to any of the children studied by us.
Not only do some of the patients with veiitricular septal defect change their clinical profile with time, but also the differences between the individual groups are not sharp ones. Obviously there are children with small shunts, others with very large ones, but there is a middle group that is hard to classify accurately except in a most arbitrary fashion. Similarly, it is difficult to define the diffe7 ence between an uncomplicated ventricular septal defect and a ventricular defect with associated pulmonary stenosis, since the size of the gradient across the right ventricular outflow trlact required to have anatomic stenosis varies with the size of the pulmonary flow. Finally, the arbitrariness of assigning numerical values to the cross-section of the pulmonary vaseulature and classifying on that basis is self evident.
Once it has been made clear, however, that the division of patients with ventricular septal defect into subgroups is a difficult task. one should consider the other side of the question and recognize that a working classification is necessary for clinical management, including selection of patients for surgery. Consequently, after defining the clinical data of the entire group, the 4 main physiologic subgroups will be summarized and the individuals with aortic regurgitation will comprise a fifth group.
Profile of Patients with Ventricular Septal
Defect Children with ventricular septal defect and left-to-right shunt all have a moderate to loud systolic murmur at the lower left sternal border and rarely at the apex. This murmur can be heard in the vast majority early in infancy. In a large percentage an accompanying thrill is present. A low-frequency diastolic murmur is noted in about three fourths of the children. Left chest prominence is present in about the same proportion of the IO0---45
;:1;-07 06S2-5I -0- cases. On the whole, the growth pattern i<s usually below average. The symptomal ology varies a great deal, but it is more severe (-with notable exceptions) in infancy. Cardiac enlargement with pulmonary vascular eiigorgement characterizes the radiographic pieture. The electrocardiogram is usually abnormal; ventricular hypertrophy of one type or another is present in most, and incomplete right bundle-branch block is noted in over 5() per cent of the cases. The prognosis is good, death beyond the neonatal period is rare, and two thirds of the patients are quite stable throughout childhood, some even improving.
Small, Uncomplicated Left-to-Right Shunt. This group most nearly approximates the concept of Roger's disease although even these children have symptoms; however, the symptomatology is milder than in some of the other groups and it does not seem progressive. As to the physical findings, it is worth noting that cyanosis is absent and the second heart sound at the pulmonary area is normal or only slightly accentuated. The 
